ABSTRACT: Micro-algae are thought to be involved in the turnover of pools of dissolved free amino acids (DFAA) in seawater either by their excretion or by the uptake of these compounds. Our study showed that, in vitro, 3 benthic diatom species were able to deplete small additions of individual Lamino acids down to concentrations below 10 to 40 nmol I-', as determined by HPLC. When nitrogen was limited, all test species scavenged their media for 10 or 11 amino acids added but Amphiprora cf. paludosa assimilated 3 amino acids also in the presence of surplus nitrate. Navicula salinarum took up all 10 amino acids supplied, whereas Nitzschia closterium assimilated none of them, when nitrate was present. Excretion of DFAA could not be detected in the medium of growing nitrate-sufficient cultures; N. clostenum, N. saljnaium and A. cf. paludosa excreted respectively less than 0.03, 0.05 and 0.1 Oh of the cellular nitrogen as amino acids. Only silicate deprivation induced A. cf. paludosa to excrete 1 % cellular nitrogen as DFAA. The results show that benthic diatom populations may act as net consumers of DFAA, even when the concentrations are as low as 100 to 1,000 nmol I-', the range reported for nearshore seawater and the porewater of mudflats.
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Amino acids belong to the small fraction of dissolved organic compounds in seawater that are subject to rapid recycling (Laane, 1983) . The concentrations of free dissolved amino acids range from approximately 100 nmol 1-' in coastal waters (Riley and Segar, 1970;  J~r g e n s e n , 1982) to several pm01 l-' in interstitial water (Christensen and Blackburn, 1980 ; J~r g e n s e n et al., 1981) . By adding 14C-labelled amino acids to water samples and measuring the rate of uptake by suspended organisms it has been shown that the cycling of dissolved free amino acids (DFAA) is a quantitatively important feature of the marine ecosystem (Crawford et al., 1974; Williams et al., 1976; Jlargensen, 1982) . It is generally assumed that micro-algae play an important role as producers of DFAA by their exuda- tion or by the decay of senescent cells, whereas bacteria are thought to be the main consumers of DFAA. But this concept should be treated with caution. The quantitative importance of phytoplankton extracellular release has been studied extensively. Whereas the release of amino acids by phytoplankton has occasionally been documented (Watt, 1969; Gocke, 1970; Hammer and Brockmann. 1983; Poulet and Martin-Jezequel, 1983) , information on benthic micro-algae is lacking. Further, there is growing evidence that many micro-algal species, especially the benthic ones, are able to utilize amino acids (and other organic nitrogen sources) as sole source of nitrogen (Bonin and Maestrini, 1981) . However, the concentrations of DFAA, used in these studies are usually much higher than those encountered in seawater. Therefore, it seemed important to ascertain whether benthic micro-algae excrete significant amounts of DFAA and whether ecologically significant amino acid concentrations can be utilized by the algae simultaneously. We postulate that exudation and uptake of DFAA might reflect shifting equilibria between cellular and extra-cellular pools of amino acids (Admiraal and Wemer, 1983) .
Three species of diatoms were isolated from the Ems-Dollard Estuary. Navicula salinarum Grunow was isolated from an organically polluted mudflat and showed rapid heterotrophic and photo-heterotrophic growth on an amino acid mixture or glucose, when these substrates were added in high concentrations (Admiraal and Peletier, 1979) . Nitzschia c l o s t e n u m (Ehrenberg) W. Smith and Amphiprora cf. p a l u d o s a W. Smith were isolated from the mudflat surface, but are also frequently encountered in the estuarine phytoplankton. N. closterium, but not A. paludosa, showed slow heterotrophic growth in cultures (Admiraal and Peletier, 1979) . The 3 species were grown in axenic batch-cultures following techniques described pre-viously (Admiraal and Werner, 1983) . Exponentially growing nitrate-sufficient cells were inoculated aseptically in a series of 4 different media. 2 with sufficient concentrations of nitrate (675 km01 1-l) and two with limiting (25 to 50 pm01 I-') concentrations of nitrate. A supplement of 10 or 11 L-amino acids was added to one nitrate-rich medium and to one nitrate-poor medium. The amino-acids, added in concentrations of ca. 400 nmol I-' each, were glycine (gly), threonine (thr), valine (val), arginine (arg), leucine (leu), isoleucine (ile), serine (ser), glutamic acid (glu), aspartic acid (asp), alanine (ala) and histidine (his). The cultures were incubated on a rotary shaker at 14 OC. They received 100 p E m-' S-' of light during 14 h d-l. Samples of the cultures were centrifuged at 1,000 g for 20 min to separate cells from medium. Concentrations of nitrate and silicate in the media were determined using automated analysis, following Strickland and Parsons (1972) . The concentrations of individual amino acids were measured by HPLC separation of o-phthal dialdehyde derivates, following Lindroth and Mopper (1979) .
The 3 diatom species assimilated the mixtures of the amino acids in the media after exhaustion of the nitrate ( Fig. 1 to 3) . Under conditions of sufficient nitrogen, the species responded differently. Nitzschia closteriurn (Fig. 1) did not utilize the added amino acids, whereas Amphiprora cf. paludosa (Fig. 2) depleted the pools of glutamic acid, aspartic acid and arginine in an early growth stage, but left the other amino acids. When nitrogen supply was sufficient, Navicula salinarum ( Fig. 3 ) slowly scavenged its culture medium for all the amino acids added, but when nitrogen was limited it scavenged rapidly. The differing responses of the test species confirm earlier observations on the diversity in the utilization of organic nitrogen between microalgae (Wheeler et al., 1974; Lewin and Hellebust, 1978; Bonin and Maestrini, 1981) . Amino acid pools in the cultures were depleted to undetectable levels, i.e. to concentrations below 10 to 40 nmol 1 -l . Several amino acids have been measured in higher concentrations in nearshore seawater and interstitial water (Riley and Segar, 1970; Christensen and Blackburn. 1980; Jsrgensen, 1982) . These concentrations are generally regarded as threshold concentrations, indicating that they are barely sufficient to maintain bacterial growth. Our results show that certain asp\. Fig. 3 . Navicula salinarurn. Conditions as in Fig. 1 micro-algae are able to reduce the amino acid levels down to, or below these so-called threshold levels. In agreement, a n earlier observation (North, 1975) showed that 50 % of the dissolved fluorescamine-positive compounds (including DFAA) in seawater was assimilated by the flagellate alga Platymonas sp.
D a y s
Several technical points need further elucidation: (1) In the present study only L-amino acids were used, whereas in the natural habitat the contribution of Damino acids can be significant (Lee and Bada, 1977) . The 2 enantiomeric forms of amino acids may be utilized with differing efficiencies by algae and bacteria; therefore, the exclusive use of L-forms in field and laboratory experiments is a potential source of error. (2) In natural seawater, amino acids, measured a s DFAA, may be present in a complexed, biologically unavailable form (Christensen a n d Blackburn, 1980) ; this would lower the supposed threshold levels for bacteria and algae even further than current chemical determinations suggest. (3) Incorporation of amino acids by natural micro-algal populations is probably a n extremely variable process, dependent on species composition and nutritional state. Furthermore, the assimilation of DFAA cannot b e established with certainty using 14C-labelled amino acids (Crawford et al., 1974; Williams et al., 1976) , unless extra-cellular deamination (Lee and Bada, 1977 ) a n d amino acid release by the micro-algae are taken into account.
None of the 3 test species excreted detectable concentrations of DFAA, when growing in nitrate-sufficient or nitrate-deprived medium. Less than 0.03, 0.05 and 0.1 % of the particulate nitrogen was excreted as amino acids in cultures of Nitzschia closterium, Navicula salinarum and Amphiprora cf. paludosa, respectively. These percentage nitrogen excretions were much lower as the percentage excretions of organic carbon that are mostly found in the range of 1 to 10 % in many micro-algal species. Only silicatedeprived cells of A. cf. paludosa (Fig. 2) excreted detectable concentrations of DFAA, amounting to 1 % of the particulate nitrogen. In the latter case, serine, glutamic acid and alanine, histidine (or glutamine) were the main amino acids released.
Individual free amino acids are present in nitrogensufficient diatom cells in concentrations over 1 mm01 l-' (Dortch, 1982) . These concentrations are a factor of 105 higher than those just detectable in our amino acid analysis. Hence a diatom such as Nitzschia closterium seems to be nearly impermeable to amino acids, even under nitrogen-sufficient conditions. This is not true of all algal species: in cultures of the symbiotic green alga Chlamydomonas provasolii, amino acids were prominent among the exudates (Saks, 1982) . Excretion of DFAA may be a normal attribute of planktic diatoms as it has b e e n established now for several cultured species (Hammer a n d Brockmann, 1983; Poulet and Martin-Jezequel, 1983; Admiraal et al., unpubl.) . In accordance, increased DFAA concentrations have been correlated with phytoplankton blooms (Hammer and Eberlein, 1981; Keller et al., 1982) . It is evident that a culture study such as ours gives no unequivocal proof of ecological mechanisms operating in natural systems. Yet, the present results support the hypothesis that healthy populations of benthic diatoms are insignificant as producers of DFAA in the estuarine ecosystem. These micro-algae may even function as net consumers of amino acids.
